The ischemic tolerance is known to show protec tive effects on the neurons and the restricted Ca2+ influx through Ca2+ channels might be involved. In a-amino-3hydroxy-5-methyl-4-isoxazole propionic acid (AMP A) recep tor, ribonucleic acid (RNA) editing of the GluR2 subunit de termines receptor desensitization and Ca2+ permeability. The authors investigated the effect of ischemic tolerance on the messenger RNA editing of QIR and RIG sites of GluR2 subunit in hippocampus. It was found that the rate of RNA editing in Abbreviations used: AMP A, ex-amino-3-hydroxy-5-methyl-4isoxazole propionic acid; DNA, deoxyribonucleic acid; G3PDH, glyc eraldehyde-3-phosphate dehydrogenase; NMDA, N-methyl-D aspartate; PCR, polymerase chain reaction; RNA, ribonucleic acid; RT, reverse transcriptase.
Ischemic tolerance that is caused by preceding nonle thal ischemic insult is known to exhibit protective effects against delayed neuronal death in hippocampal neurons (Kitagawa et aI., 1990; Kirino et aI., 1991; Kitagawa et aI., 1991; Glazier et aI., 1994) . As an established model of ischemic tolerance. 2-minute ischemic treatment of gerbil hippocampus has been used and studied (Kitagawa et aI., 1990; Kirino et aI., 1991; Shimazaki et aI., 1998) . This phenomenon is intriguing in view of the induction of tolerance to ischemia in neuronal cells of brain, but its mechanism still is unclear. The restriction of Ca2+ influx into neuronal cells through Ca2+ channels may be in volved in this mechanism (Nakata et aI., 1992) . The ini tial major event triggered in the process of ischemic neu ronal damage is a breakdown of ion homeostasis and a Q/R site showed no change (100% edited), whereas that in RIG site decreased significantly (83.3% normal editing level to 60.4%) at day 3 (preconditioning period) and returned to nor mal level at day 14 (after preconditioning period). Further in vestigation revealed that the decrease of editing rate in isch emic tolerance resulted mainly from the decrease of editing in CA l area. Key Words: AMPA receptor-GluR2 subunit RNA editing-Ischemic tolerance-Reverse transcriptase polymerase chain reaction. rise in intracellular Ca2+ concentration initiated a cascade of events, leading to cell death (Haddad and Jiang, 1993; Tsubokawa et aI., 1994) . To prevent damage caused by this Ca 2 + toxicity, it is supposed that the Ca2+ perme ability of N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors may be reduced in ischemic tolerance, even with a increase of glutamate concentration in the extra cellular fluid. Depolarization using AMPA receptor ac tivation removes Mg2+ from the channel of NMDA re ceptor (Nowak et aI, 1984; Schoepfer et aI, 1994) , and Ca2+-permeability of NMDA receptor can be increased. The AMPA receptor is impermeable to Ca2+ as long as it contains at least one subunit of GluR2, which is edited in QIR site (Hollmann et aI., 1991; Verdoorn et aI., 1991 ). An ionic permeability and a rectification of GluR2 are controlled by the ribonucleic acid (RNA) editing in the pore region (Q/R site) (Burnashev et aI., 1992; Dingle dine et aI., 1992; Sommer et aI., 1991) , In addition, de sensitization and activity of GluR2 are determined by the editing of GluR2 at RIG site (Lomeli et aI., 1994) .
In the current study, we examined the possibility that ischemic tolerance might be led to the change of RNA editing in GluR2 (at QIR and RIG sites) or its expression level, both of which may cause the change of Ca2+ per meability in NMDA or AMPA receptors.
MATERIALS AND METHODS

Animal experiments for molecular biology
Adult Mongolian gerbils (body weight 60 to 70 g) were anesthetized with ether inhalation. Both common carotid arter ies were exposed, and bilateral cerebral ischemia was produced by occlusion of these arteries with miniature aneurysmal clips.
During the operation, body and tympanic temperature were monitored and controlled at 36.5 to 37.0°C using warming blankets. After I, 2, or 5 minutes of ischemia, clips were re moved and restoration of blood flow was visually verified.
Animals were divided into a sham-operated group (without ischemia), and 1-,2-, and 5-minute ischemic groups. Animals of the sham-operated and 2-minute ischemic groups were de capitated at postischemic recirculation intervals of 3 days and 14 days (n = 3 per time point). Animals of the I-minute ischemic group were killed at the postischemic interval of 3 days only (n = 3). Animals of 5-minute ischemic group were killed at the postischemic interval of I day only (n = 3).
Histologic measurement after hippocampal ischemia
Total 30 male gerbils (weighing 60 to 70 g) were divided into six groups by preconditioning times and intervals of sub sequent 5-minute ischemia: 5-minute ischemia after 3 days of carried out according to standard protocols (Taylor, 1991) . To quantify GluR2 messenger RNA, the PCR condition of 9SOC, 30 seconds; 58°C, 30 seconds; 72°C, 20 seconds; 28 cycles was used with GluR2-specific primers (GI-F and GI-R primers). After the normalization, the densitometric data of each animal were analyzed statistically.
Analysis of ribonucleic acid editing by sequencing
The PCR products from Q/R site and RIG site were ligated into pCR-Script SK(+) vector (Stratagene, La Jolla, CA, U.S.A.) and transformed into Escherichia coli. Colonies were processed and sequence determined by ABI 377 DNA se quencer by the Sanger method (Sanger et a!., 1977) . About 86 to 90 colonies from each experimental group (n = 3, one PCR for each animal in one group, total of three PCR in one group) were analyzed and the editing rate was calculated statistically.
Measurement of editing ratio in each hippocampal area by microdissection
The CAl, CA3, and dentate gyrus region of both hippocampi were microdissected from each animal (n = 3) of sham operated (day 3) and 2-minute ischemic (day 3) groups. The RNA was isolated from each sample following the method described earlier, and sequencing analysis was done as the same procedure (68 to 75 sequence data in each group).
Analysis of ribonucleic acid editing by polymerase chain reaction
The RNA editing at the RIG site also was analyzed by primer extension method, which was described previously (Wisden et a!., 1991) , with some modifications. Cyclic DNA solutions (see earlier) were amplified with an upper strand primer Glu_R™4 GluR2
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Statistical analysis
Data are presented as means ± SO. Statistical analysis was carried out by analysis of variance followed by Scheffe's F test.
RESULTS
The survival ratio of neuronal cells in CAl area after week of 5-minute ischemia with or without the pre- treatment of 1-or 2-minute ischemia was measured. The 5-minute ischemia was given after 3 days or 14 days of the first ischemia. The histologic data in Table 1 repre sents that ischemic tolerance was present at 3 days after 2-minute ischemia (66.8% of neuronal cells survived in CAl area after 5-minute ischemia against 4.4% in sham operated control) and absent at 14 days after 2-minute ischemia (3.5% survived). In contrast, I-minute ischemia did not show tolerance after 3 days from operation (6.7% survived). The expression level of OluR2 messenger RNA in ischemic tolerance (3 days after 2-minute ischemia), nonischemic tolerance (sham-operated) or out of the course of ischemic tolerance (14 days after 2-minute ischemia) showed no difference (Fig. I) . However, the expression level of GluR2 messenger RNA at I day after 5-minute ischemia showed about a 15% decrease.
U sing animals treated in the same time course and conditions as those in Fig. I , RNA editing at the RIO site of OluR2 was evaluated by sequencing ( Fig. 2A) . It was indicated that only at the state of ischemic tolerance (3 days after 2-minute ischemia) did a proportion of RNA editing change significantly (P = 0.0012 compared with sham-operated control). The percentage of edited and unedited forms at each time course are as follows: edited and unedited forms in sham-operated, I-minute isch emia, and 2-minute ischemia at 3 days after operation were 83.3 ± 4.1 %:16,7 ± 4.1%, 81.6 ± 4.5%:18.4 ±4.5%, and 60.4 ± 6.2%:39.6 ± 6.2%, respectively. Those in 5-minute ischemia at 1 day after operation was 80.3 ± 4.5%:19.7 ± 4.5%. Whereas those in sham-operated and 2-minute ischemia at 14 days after operation were 84.5 ± 6.4%: 15.5 ± 6.4% and 79.8 ± 3.2%:20.2 ± 3.2%, respec tively. Microdissected tissue RNA samples revealed that the change of RIO editing in 2-minute ischemic group (3 days after operation) was mainly caused by the decrease of editing in CAl area. The percentage of edited form at each area in sham-operated group was CAl, 83.2 ± 2.1 %; CA3, 82.1 ± 1.8%; and dentate gyrus, 83.3 ± 3.4%; whereas that in 2-minute ischemic group was CAl, 48.5 ± 1.7%; CA3, 78.6 ± 3.8%; and dentate gyrus, 83.9 ± 2.1 %, respectively.
In addition, primer extension method with site-specific primers (O-specific and R-specific primers of RIO site, and R-specific and Q-specific primers of Q/R site) was performed (Fig. 2B) . Densitometric ratios of edited and unedited forms in sham-operated and 1-and 2-minute ischemia at 3 days after operation were 8l.5 ± 3.8%:22.2 ± 4.3%, 83.7 ± 1.9%:18.7 ± 2.9%, and 66.3 ± 5.9%:38.7 ± 3.7%, respectively. Those in 5-minute ischemia at 1 day after operation were 76.3 ± 3.1%:16.7 ± 1.9%. Whereas those in sham-operated and 2-minute ischemia at 14 days after operation were 83.6 ± 2.9%:23.3 ± 3.6% and 84.3 ± 3.8%:22.5 ± 4.9%, respectively. There was a significant difference between the group of 3 days after ,-, ,-,
An analysis of RIG site. The primers that have edited (G) or unedited (R) base in its 3' end were used, and PCR samples were loaded on a gel. Top right: An analysis of OIR site.
The primers that have edited (R) or unedited (0) base in its 3' end. The 123-bp DNA lad der (M) from Gibco-SRL was used as a size marker. Bot tom: Three independent PCR reactions were performed from each of three hippocampal samples, and a density of band was measured from each PCR product. After the mea surement, these data were analyzed statistically (n = 9 for each bar). 
14 days 3 days shown in Fig. 2A and ratios of edited and unedited GluR2 in each group shown in Fig. 2B were representa tive.
On the other hand, the RNA editing of QIR site in each group also was studied by sequencing and primer exten sion method (Fig. 2B) . By sequencing analysis, it was found that the Q/R site in all groups was mostly edited and was independent of ischemic condition or from the length of the recirculation interval (data not shown). 1" P < 0.001 compared with 5-minute ischemia only.
Primer extension method in Fig. 2B showed the same result in sham-operated and 2-minute ischemic groups (3 days after operation).
DISCUSSION
We have shown that ischemic tolerance by the pre treatment of 2-minute ischemia significantly decreased the death of hippocampal cells in CAl area caused by following 5-minute ischemia as presented in Table 1 . This protective effect is prominent at day 3 after 2-minute ischemia but is less effective at day 14. At day 3 after 2-minute ischemia, the editing rate in RIG site in ischemic tolerance changed significantly and unedited form of GluR2 subunit increased, then it decreased to the normal level reversibly by day 14 of treatment when no tolerance was observed. This change of editing rate did not occur when the ischemic tolerance was not formed (sham-operated) or after 5-minute ischemia treatment only. The microdissection study in Fig. 2A revealed that the change in editing rate occurred mainly in the CAl area of hippocampus, where the neuronal cells are most sensitive to ischemic insult. The distribution and expres sion of GluR2 subunit were well studied, and it was known that GluR2 is expressed mainly in neuronal cells in hippocampus (Kohama et aI., 1998; He et aI., 1998) . From these observations, our data may reflect mostly the change in the editing rate of GluR2 in CAl neuronal cells. The increase of unedited GluR2 RNA, which is consistent with the time course of the cell protection effect, suggests that RNA editing may play an important role in ischemic tolerance.
The precise mechanism and role of RNA editing in ischemic tolerance are unknown. It has been reported that the unedited GluR2 in RIG site showed a slower recovery rate from desensitization than that of edited one (Lomeli et aI., 1994) . Therefore, the increase of unedited GluR2 in RIG site observed during ischemic tolerance is supposed to cause the functional modification of GluR2 J Cereb Blood Flow Metab. Vol. 19, No.4, 1999 subunit. This functional change of GluR2 may have an effect on the total activity of AMP A receptors and, fur thermore, on decrease of Ca 2 + permeability through NMDA receptors, which is important for survival of neu ronal cells.
It also is intelligible that the editing of Q/R site of GluR2 was not affected by 2-minute ischemia. The QIR site had been edited almost 100% in normal condition, and this edited form of GluR2 makes Ca 2 + impermeable (Paschen et aI., 1996; Rump et aI., 1996) . Therefore, a lack of change of RNA editing in the QIR site in isch emic tolerance was in agreement with the physiologic meaning of cell protection from excessive Ca 2 + influx.
As well as this RNA editing, the expression level of GluR2 in ischemic tolerance also was examined, and it was clarified that ischemic tolerance did not affect the expression of GluR2 messenger RNA. However, the treatment of 5-minute ischemia caused a decrease of GluR2 expression, which is consistent with the report by Gorter et ai. (1997) .
In conclusion, our data suggest that the modification of RNA editing of RIG site in GluR2 subunit rather than the alteration of its expression level may play an impor tant role in ischemic tolerance. This study contributes to understanding the mechanism of ischemic tolerance and the physiologic roles of RNA editing in brain.
